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Abstract
Prolonged heart ischaemia causes an inhibition of oxidative phosphorylation and an increase of Ca2 in mitochondria. We
investigated whether elevated Ca2 induces changes in the oxidative phosphorylation system relevant to ischaemic damage,
and whether Ca2 and other inducers of mitochondrial permeability transition cause the release of cytochrome c from
isolated heart mitochondria. We found that 5 WM free Ca2 induced changes in oxidative phosphorylation system similar to
ischaemic damage: increase in the proton leak and inhibition of the substrate oxidation system related to the release of
cytochrome c from mitochondria. The phosphorylating system was not directly affected by high Ca2 and ischaemia. The
release of cytochrome c from mitochondria was caused by Ca2 and 0.175^0.9 mM peroxynitrite but not by NO, and was
prevented by cyclosporin A. Adenylate kinase and creatine kinase were also released after incubation of mitochondria with
Ca2, however, the activity of citrate synthase in the incubation medium with high and low Ca2 did not change. The data
suggest that release of cytochrome c and other proteins of intermembrane space may be due to the opening of the
mitochondrial permeability transition pore, and may be partially responsible for inhibition of mitochondrial respiration
induced by ischaemia, high calcium, and oxidants. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
One of the important pathogenic consequences of
ischaemia in the heart is loss of cardiomyocytes. Car-
diomyocytes, as well as other cells, can die via two
di¡erent pathways ^ necrosis or apoptosis. During
necrosis disruption of internal and external cell mem-
brane occurs leading to cell swelling and lysis with
release of cytoplasmic material which triggers an in-
£ammatory response and damage to neighbouring
cells. In contrast, apoptosis usually occurs in single
cells and does not stimulate in£ammation and scar-
ring. The classical point of view is that in ischaemic
myocardium cell death is necrotic in nature. How-
ever, recently it has been demonstrated that after
myocardial ischaemia and reperfusion a signi¢cant
number of myocytes die by apoptosis [1^3].
Although the molecular mechanisms initiating
apoptosis in cells are not completely understood, re-
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cent studies have provided evidence that mitochon-
dria have an essential role in the execution of apop-
tosis. It was shown that the early phase of the apop-
totic process is characterised by changes in
mitochondrial functions [4,5]. Several groups [6^8]
have also shown that mitochondria release at least
two factors that are capable of triggering apoptosis.
One of these factors appears to be cytochrome c
which is required for activation of caspases ^ execu-
tioners of apoptosis [7,8]. The mechanism by which
cytochrome c activates these enzymes as well as the
factors that cause translocation of cytochrome c
from mitochondria are not clear. It has been sug-
gested that release of cytochrome c might be a con-
sequence of opening of the mitochondrial permeabil-
ity transition pore which can be induced by high
concentration of calcium [9,10]. According to others
[7,8], the release of cytochrome c occurs before mi-
tochondria undergo permeability transition.
Our recent investigations have shown that loss of
cytochrome c from mitochondria is one of the ear-
liest changes in mitochondria during heart ischaemia
and is responsible, at least partially, for a decreased
activity of oxidative phosphorylation [11]. It is also
known that in ischaemic cells the level of calcium is
increased [12,13]. Calcium has been implicated as an
important causative factor in cell damage, including
necrosis and apoptosis [14]. This prompted us to ex-
amine whether an elevated calcium concentration can
induce changes in the oxidative phosphorylation sys-
tem in control mitochondria comparable to ischae-
mic damage to this system, and whether calcium and
other inducers of mitochondrial permeability transi-
tion pore stimulate release of cytochrome c from
mitochondria.
2. Methods
2.1. Preparation of mitochondria
Hearts from male Wistar rats were used in the
experiments. Ischaemia (45 min autolysis, 37‡C)
was induced as described earlier [11]. Mitochondria
were isolated by standard procedures of homogeni-
sation in a glass homogenizer with a te£on pestle and
subsequent di¡erential centrifugation [15]. The ho-
mogenisation medium contained 180 mM KCl, 20
mM Tris-HCl, 1 mM EGTA (pH 7.7). The ¢nal
mitochondrial pellet was suspended in medium con-
taining 180 mM KCl, 20 mM Tris-HCl, 1 mM
EGTA (pH 7.35) and stored on ice. Mitochondrial
protein concentration was determined by the Biuret
method.
2.2. Measurement of mitochondrial respiration and
membrane potential
Mitochondrial respiration and membrane potential
were measured with a Clark type electrode and a
tetraphenylphosphonium selective electrode as de-
scribed in [11]. The composition of mitochondrial
incubation bu¡er was 110 mM KCl, 10 mM manni-
tol, 10 mM Tris-HCl, 1 mM KH2PO4, 50 mM crea-
tine, 5 mM nitrilotriacetic acid, 2.24 mM MgCl2 (pH
7.2). 1 mM pyruvate+1 mM malate was used as the
respiratory substrate. Mitochondrial state 3 respira-
tion rate was achieved by adding 1 mM ATP. Spe-
ci¢c experimental conditions and incubation media
are presented in the legends to the ¢gures. Concen-
trations of free Ca2 and Mg2 in the incubation
media were stabilised by Ca2-nitrilotriacetic acid
(NTA) bu¡ers and were calculated as in [16].
2.3. Synthesis and administration of peroxynitrite
Peroxynitrite was synthesised by reacting acidi¢ed
H2O2 with a nitrite solution as described in [17].
Concentrated solutions of peroxynitrite were stored
at 380‡C. The concentration of a solution used for
each experiment was determined daily (O302nm = 1670
M31 cm31). 1^7 Wl of concentrated (70^142 mM)
peroxynitrite solution were added to mitochondria
in incubation medium (1 mg mitochondrial protein
in 1 ml bu¡er, 37‡C). The change of pH of the mi-
tochondrial incubation medium after addition of per-
oxynitrite was not higher than 0.6 units and did not
exceed pH 7.8. Similar change of pH induced by
addition of 1 M NaOH did not cause release of cy-
tochrome c from mitochondria. Peroxynitrite rapidly
decomposes at neutral pH. Therefore, we performed
additional control experiments: 1^7 Wl of concen-
trated peroxynitrite were added to 1 ml incubation
bu¡er, and 5 min later mitochondria were added
(this is indicated as ‘decomposed peroxynitrite’ in
Fig. 5).
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2.4. Measurement of cytochrome c
After appropriate incubation (1 mg mitochondrial
protein per 1 ml of incubation bu¡er, 3 min, 37‡C),
mitochondria were centrifuged at 13 000 rpmU3 min
in an Eppendorf centrifuge. Supernatants were used
for measurement of cytochrome c released from mi-
tochondria. The ascorbate-reduced-minus-ferricya-
nide-oxidized absorption di¡erence spectrum was re-
corded with a Hitachi U-2000 spectrophotometer.
Cytochrome c content was estimated by using the
absorption di¡erence of the wavelengths pair 550/
535 nm for reduced-minus-oxidised cytochrome c
and O= 18.5 mM31 cm31 [18]. Total cytochrome c
content was determined in mitochondria solubilized
with 1% (w/v) Triton X-100.
2.5. Determination of mitochondrial enzyme activities
Activities of citrate synthase [19], adenylate kinase
[20] and creatine kinase [21] in supernatants or in
freeze-thawed mitochondria were determined spec-
trophotometrically. Total protein released into the
incubation medium during mitochondrial incubation
was determined by modi¢ed micro-Lowry method
(Sigma Protein Assay Kit) after removal of mito-
chondria by centrifugation (Eppendorf, 13 000
rpmU3 min).
3. Results
3.1. E¡ects of ischaemia and Ca2+ on the kinetics of
the oxidative phosphorylation system
We measured the kinetic dependencies of the £uxes
through the substrate oxidation system (which, in the
approach we used, is considered to include substrate
transporters, enzymes of Krebs’ cycle and complexes
of the respiratory chain), the phosphorylating system
and the proton leak on the mitochondrial membrane
potential. Changes in these kinetics indicate which of
these subsystems are directly a¡ected by ischaemia or
high Ca2 rather than indirectly a¡ected by changes
in intermediate levels [22]. Kinetics of the substrate
oxidation system was determined as the dependence
of the mitochondrial respiration rate on the mem-
brane potential when it was titrated with oligomycin.
The kinetics of the proton leak was measured as the
rate of mitochondrial respiration in the presence of
excess oligomycin (to prevent phosphorylation). This
was determined over a range of di¡erent values of
Fig. 1. E¡ects of 45 min ischaemia and Ca2 on the activity of
the substrate oxidation system in the absence (A) or in the
presence of 75 WM exogenous cytochrome c (B). Control or is-
chaemia-damaged mitochondria were incubated in the medium
containing 110 mM KCl, 10 mM mannitol, 10 mM Tris-HCl,
1 mM KH2PO4, 50 mM creatine, 5 mM nitrilotriacetic acid, 2.24
mM MgCl2, 4 IU/ml creatine kinase, 1 mM pyruvate+1 mM
malate, 1 mM ATP. To achieve 5 WM free Ca2 concentration
0.1 mM CaCl2 was added. Mitochondrial membrane potential
and respiratory rate were titrated with oligomycin (0.02^0.1
Wg/ml). Means þ standard errors of 5 separate experiments on
control and ischaemic mitochondrial preparations are presented.
b, Control mitochondria; R, 45-min ischaemia-damaged mito-
chondria; a, control mitochondria incubated with Ca2.
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membrane potential by titrating with rotenone ^ an
inhibitor of the respiratory chain. The kinetics of the
phosphorylating system was determined by titrating
membrane potential with rotenone and measuring
coupled respiration rate (calculated as di¡erence of
the respiration rate in the absence of oligomycin and
the rate of proton leak at the same value of mem-
brane potential).
A series of experiments was carried out to deter-
mine which block of processes ^ the substrate oxida-
tion, the proton leak or the phosphorylating subsys-
tem ^ was a¡ected by ischaemia. As can be seen from
the comparison of mitochondrial respiratory rate at
the same membrane potential, 45 min ischaemia
caused signi¢cant inhibition of the substrate oxida-
tion system (Fig. 1A). Ischaemia also increased the
proton leak (Fig. 2A). The lower rate of the phos-
phorylating system in ischaemic mitochondria than
in control (Fig. 3A) was rather due to the inability
of ischaemic mitochondria to generate higher mem-
brane potential (comparable to that of control mito-
chondria) than to inhibition of the phosphorylating
system itself. We have shown [11] that ischaemia did
not inhibit the phosphorylating system in mitochon-
dria respiring on succinate. Thus, it is likely that the
kinetics of the phosphorylating system was not di-
rectly a¡ected by ischaemia in the case of pyruvate+
malate oxidation as well.
To investigate whether and to what extent the
damage induced by ischaemia is related to accumu-
lation of Ca2 in the mitochondrial matrix we per-
formed experiments in which normal mitochondria
were exposed to a high ^ 5 WM ^ free Ca2 concen-
tration. The purpose of these experiments was to test
whether the changes induced by ischaemia were re-
plicated by treating control mitochondria to a level
of calcium that they might be exposed to during
ischaemia. Mitochondria were preincubated in a
Ca2-NTA bu¡er for 3 min to reach a steady-state
respiration rate. Data presented in Fig. 1A show that
incubation of control mitochondria with high Ca2
caused inhibition of the substrate oxidation system.
This inhibition was similar to that caused by ischae-
mia. However, in contrast to ischaemic damage,
Ca2 signi¢cantly inhibited the phosphorylating sys-
tem (Fig. 3A) and had no e¡ect on the proton leak
(Fig. 3A).
In our previous work [11] it was shown that inhibi-
tion of the substrate oxidation system in ischaemia-
damaged mitochondria respiring on succinate was
partially caused by loss of cytochrome c from mito-
chondria. It is also known that there is an increase of
mitochondrial Ca2 in ischaemic mitochondria [11].
Thus we wished to test whether the calcium-induced
inhibition of substrate oxidation and respiration was
also due to cytochrome c loss. We therefore exam-
Fig. 2. The e¡ect of 45 min ischaemia and Ca2 on kinetics of
the proton leak in the absence (A) or in the presence of 75 WM
exogenous cytochrome c (B). Mitochondrial incubation medium
was additionally supplemented with excess of oligomycin (1 Wg/
mg protein). Mitochondrial respiration and membrane potential
were titrated by rotenone (5^40 WM). Means þ standard errors
of 6 experiments are presented. b, Control mitochondria; R,
45-min ischaemia-damaged mitochondria; a, control mitochon-
dria incubated with Ca2.
BBADIS 61786 23-12-98
V. Borutaite et al. / Biochimica et Biophysica Acta 1453 (1999) 41^4844
ined the e¡ect of exogenous cytochrome c on the
activity of the oxidative phosphorylation in mito-
chondria incubated in the medium with high Ca2
concentration. As can be seen from Fig. 1B, in the
presence of added cytochrome c there is very little
di¡erence between the activity of the substrate oxi-
dation system in ischaemia-damaged, control and
Ca2-treated mitochondria. The inhibition of the ox-
idation system by Ca2 was also prevented when
0.1 WM cyclosporin A, an inhibitor of mitochondrial
permeability transition pore, was present (data not
shown). In the presence of exogenous cytochrome
c, the proton leak in mitochondria with elevated
Ca2 was higher than in control but similar to is-
chaemic mitochondria (Fig. 2B). Addition of cyto-
chrome c caused activation of the phosphorylating
system in ischaemia-damaged and in mitochondria
treated with high Ca2, and as can be seen from
Fig. 3B, it also eliminated the di¡erence in kinetics
of the phosphorylating system of control, ischaemic
and Ca2-overloaded mitochondria. This indicates
that the phosphorylating system was not directly in-
hibited by Ca2 or ischaemia. Because it is unlikely
that cytochrome c can directly stimulate the phos-
phorylating system or the proton leak, the ¢ndings
can be explained by heterogeneity of the mitochon-
drial population which is increased by high Ca2 and
ischaemia: Ca2 causes release of cytochrome c from
some fraction of mitochondria and this fraction,
completely lacking cytochrome c, is unable to express
any phosphorylation or proton leak activity unless
exogenous cytochrome c is added.
3.2. Release of cytochrome c from heart mitochondria
To investigate in more detail what factors cause
the release of cytochrome c from mitochondria we
Fig. 4. Spectra (reduced minus oxidized) of cytochrome c re-
leased from heart mitochondria to the incubation medium. Cy-
tochrome c was oxidised by adding 1 mM potassium ferricya-
nide and then reduced by 1 mM sodium ascorbate. Data of a
typical experiment are presented.
Fig. 3. The e¡ect of 45 min ischaemia and Ca2 on kinetics of
the phosphorylating system in the absence (A) or in the pres-
ence of 75 WM exogenous cytochrome c (B). Mitochondrial res-
piration and membrane potential were titrated by rotenone
(5^20 WM). Means þ standard errors of 5 experiments are pre-
sented. b, Control mitochondria; R, 45-min ischaemia-dam-
aged mitochondria; a, control mitochondria incubated with
Ca2.
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performed spectrophotometric analysis of cyto-
chrome c released into the incubation medium under
various conditions. Representative spectra of cyto-
chrome c released from mitochondria are shown in
Fig. 4 and results of experiments are summarized in
Fig. 5. There was no detectable loss of cytochrome c
from mitochondria when they were incubated with
the normal (low) Ca2 level. After incubation of mi-
tochondria with 5 WM free Ca2 the supernatant
showed a spectrum typical for cytochrome c with
maxima at 550 nm and 520 nm. This indicates that
cytochrome c was transferred from mitochondria to
the incubation medium. We found cytochrome c in
the supernatants of mitochondria after 1 min incu-
bation with Ca2, whereas control mitochondria in
low-Ca2-medium did not release cytochrome c even
after 20 min incubation under normoxic or anoxic
conditions (data not shown). Changing the phos-
phate concentration from 1 mM to 10 mM at the
same Ca2 concentration had no detectable e¡ect
on the amount of cytochrome c released from mito-
chondria (data not shown). The release was blocked
when 0.2 WM cyclosporin A was present, whereas
1 mM ATP, which is also known as inhibitor of
mitochondrial permeability transition, did not pre-
vent the loss of cytochrome c from mitochondria.
The release was caused speci¢cally by calcium ions
since other divalent cations (such as Mn2) did not
stimulate it. Fifty WM H2O2, which is known to open
the permeability transition pore, also caused appear-
ance of cytochrome c in the incubation medium.
Concentration-dependent release of cytochrome c
was induced by 0.175^0.9 mM peroxynitrite, a strong
oxidising agent derived from NO, and this release
was inhibited by cyclosporin A. One WM NO did
not cause any detectable cytochrome c release. There
was also no signi¢cant increase in cytochrome c con-
centration in supernatants when peroxynitrite was
added to the incubation medium 5 min before addi-
tion of mitochondria (Fig. 5, ‘decomposed
ONOO3’). This indicates that the release of cyto-
chrome c was caused by peroxynitrite itself and
was not due to a change in pH of the incubation
bu¡er or to some other components that might be
present in stock solutions of peroxynitrite.
The highest amount of cytochrome c ^ 0.120 nmol/
mg mitochondrial protein, was released during mito-
chondrial ‘ageing’, i.e. when the mitochondrial sus-
pension was kept overnight at a temperature of 4‡C.
The amount of cytochrome c released from mito-
chondria under such conditions was about 56% of
Fig. 5. Amount of cytochrome c released from mitochondria.
Mitochondria, isolated from control hearts, were incubated at
37‡C for 3 min in the medium described in Section 2 in the
presence of the indicated compounds, and then they were re-
moved by centrifugation. The resulting supernatants were used
for spectrophotometric determination of released cytochrome c.
Means þ standard errors of at least 3^5 experiments for each
condition are presented.
Table 1
E¡ect of Ca2 on the release of enzymes from mitochondria
Creatine kinase (Wmol/min/mg) Citrate synthase (Wmol/min/mg) Adenylate kinase (Wmol/min/mg) Total protein (Wg/mg)
3Ca2 0.089 þ 0.023 0.047 þ 0.016 0.055 þ 0.003 88 þ 10
+Ca2 0.124 þ 0.017* 0.046 þ 0.008 0.101 þ 0.025* 111 þ 11
+Triton 0.507 þ 0.025 0.353 þ 0.009 0.216 þ 0.013 ^
Activities of creatine kinase and citrate synthase were measured in the incubation bu¡er described in Section 2. For measurement of
adenylate kinase, bu¡er contained 150 mM KCl, 10 mM mannitol, 10 mM Tris-HCl, 1 mM KH2PO4, 5 mM nitrilotriacetic acid, 2.24
mM MgCl2. 0.4% Triton X-100 was used to dissolve mitochondria for measurement of total activity of enzymes. *Statistically signi¢-
cant e¡ect of Ca2 (P6 0.05).
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the total content of mitochondrial cytochromes c+c1
which was 0.212 þ 0.011 nmol/mg protein. Other
agents tested in our experiments caused less pro-
nounced (30^35% of the total amount of cyto-
chromes c+c1) loss of cytochrome c from mitochon-
dria. This amount of cytochrome c was released
already after 1 min and did not change during a
further 3^5 min incubation (data not shown).
3.3. Ca2+-induced release of other mitochondrial
enzymes
We also investigated whether Ca2 can induce re-
lease of other enzymes from mitochondria. For that
we measured the total amount of protein released
from mitochondria loaded with high Ca2 and the
activities of adenylate kinase, creatine kinase and cit-
rate synthase remaining in the supernatants after re-
moval of mitochondria. Data presented in Table 1
show that incubation of mitochondria with high
Ca2 resulted in signi¢cant increases in the activities
of adenylate kinase and creatine kinase in the incu-
bation medium indicating that these enzymes, nor-
mally located in the intermembrane space, are re-
leased from mitochondria as well as cytochrome c.
However, there was no change in the activity of cit-
rate synthase in the incubation medium with high
Ca2 compared to low Ca2 concentration indicating
that matrix enzymes are not lost from mitochondria
under such conditions.
4. Discussion
It is well documented that in many pathological
situations, including myocardial ischaemia/reperfu-
sion, the concentration of Ca2 in cells increases pri-
or to lethal changes in the cells (see [14]). High Ca2
is also known to inhibit mitochondrial oxidative
phosphorylation [23]. The deleterious e¡ects of
Ca2 on mitochondrial functions are thought to be
related to: (i) induction of the mitochondrial perme-
ability transition [24,25]; (ii) activation of phospho-
lipases, which leads to disruption of mitochondrial
membranes [26] ; (iii) increased generation of H2O2
by mitochondria and subsequent increase in OHc
radical production [27,28]; and/or (iv) the binding
of Ca2 to the inner mitochondrial membrane, caus-
ing conformational changes in membrane proteins
and phospholipids [29]. Also there is evidence that
Ca2 can directly a¡ect the oxidative phosphoryla-
tion system by inhibition of the ATPase [30] and the
adenine nucleotide translocator [31].
Data presented in this paper show that moderate
elevation of Ca2 concentration causes an increase in
the proton leak and release of cytochrome c from
some fraction of mitochondria resulting in inhibition
of the substrate oxidation system. The phosphorylat-
ing system was probably not directly a¡ected by
Ca2. Similar changes of the oxidative phosphoryla-
tion system were found in ischaemia-damaged mito-
chondria. However, it cannot be excluded that at
higher Ca2 concentration the phosphorylating sys-
tem can also be a¡ected due to Ca-binding to matrix
ADP or to inhibition of ATPase and adenine nucleo-
tide translocator [30,31].
It has been suggested that release of cytochrome c
from the mitochondria to the cytoplasm is an early
event in the apoptotic pathway of cell death [7,8].
Cytochrome c is thought to be involved in activation
of caspases ^ cysteine proteases that degrade speci¢c
intracellular substrates and thereby promote the
apoptotic programme resulting in speci¢c morpho-
logical features of apoptosis [7,8,32].
The data of the present study show that release of
cytochrome c from isolated heart mitochondria can
be induced by 5 WM free Ca2. Similar concentra-
tions of Ca2 were found in cells after myocardial
ischaemia/reperfusion [12,13]. Thus, it is possible that
this concentration of Ca2 is enough to cause release
of cytochrome c from mitochondria and initiate
apoptosis in ischaemia-damaged cells.
Release of cytochrome c was also induced by per-
oxynitrite and, to a lesser extent, by H2O2 but not by
NO. Ca2- and peroxynitrite-induced cytochrome c
release was prevented by cyclosporin A. Our ¢ndings
are in agreement with recent data of other investiga-
tors who showed that high concentrations of Ca2
and phosphate [9,10] or atractyloside [9] induced the
release of cytochrome c from isolated liver mitochon-
dria as a consequence of the opening of mitochon-
drial permeability transition and mitochondrial
swelling. We show here that high Ca2 even at low
(1 mM) phosphate concentration induces release of
cytochrome c from heart mitochondria.
The data of this paper indicate that the release of
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cytochrome c may be due to the mitochondrial per-
meability transition or other changes in the mito-
chondrial outer membrane, as only proteins located
in the intermembrane space but not matrix enzymes
were found to be released from the mitochondria.
These ¢ndings are in agreement with earlier reported
data on retention of mitochondrial matrix proteins in
the presence of Ca2 [33]. The loss of cytochrome c
was su⁄cient to inhibit the substrate oxidation sys-
tem. The data of Table 1 also provide evidence that
Ca2-induced transfer of proteins from mitochondria
to cytoplasm is not a highly speci¢c process for cy-
tochrome c. It is possible, therefore, that some other
apoptosis inducing factors are released from mito-
chondria together with cytochrome c.
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